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Abstract
Methyl anthranilate (MA), a compound in maize roots that is repellent to western corn rootworm larvae (Diabrotica 
virgifera virgifera LeConte) was tested in behavioral bioassays in a soil environment. MA prevented larvae from 
locating roots of a maize seedling, and the repellency strengthened with increasing rates of MA. In a simple push–
pull strategy between an MA-treated seedling and an untreated seedling, granules containing 0.1 mg/g MA pushed 
larvae to the untreated seedling. This push effect increased with dose, with 90% repellency observed for the highest 
dose tested (100 mg/g). Chemical analysis showed that MA concentrations remained high for 4 wk in dry, sterilized 
or unsterilized soil, but declined rapidly in moist soil. After 7 d, 50% less MA was recovered in moist, sterilized soil 
than in dry soil, and only a trace of MA remained in unsterilized moist soil, suggesting that both moisture and 
microbial activity contributed to the loss of MA. Various (MA) carrier granules were tested in bioassays after aging in 
moist soil. After 1 d, all of the MA granules were repellent at the 10 mg/g rate and clay granules were also effective at 
1 mg/g. After 1 wk, only molecular sieve granules elicited repellency, but that activity disappeared after 2 wk. These 
results demonstrate that MA is repellent to western corn rootworm larvae in the soil environment and may have 
potential as a rootworm treatment if formulations can be developed that protect the material from decomposition 
in the soil.
Key words:  Diabrotica virgifera virgifera, Zea mays, methyl anthranilate, push–pull, host location
The process of host location by the western corn rootworm is orches-
trated by a number of chemical cues given off by maize roots, includ-
ing an attractant (carbon dioxide) (Strnad et  al. 1986, Bernklau 
and Bjostad 1998a), host recognition cues (a blend of sugars and 
complex lipids [monogalactosyldiacylglycerols, MGDG]) (Bernklau 
et al. 2015) and feeding stimulants (a blend of three sugars plus one 
or more 18-carbon free fatty acids) (Bernklau and Bjostad 2008). In 
contrast to these compounds, which act to direct larvae to the roots, 
we recently identified a compound in maize roots that is repellent to 
the larvae (Bernklau et al. 2016). Methyl anthranilate (MA), occurs 
in maize roots in very small quantities (0.56 ng MA/g dried maize 
root), but amounts as low as 1 µg elicited a strong repellent response 
by neonate rootworm larvae in laboratory bioassays and even pre-
vented larvae from approaching a highly attractive source of carbon 
dioxide (Bernklau et al. 2016).
The threat that this insect pest poses for U.S. agriculture, with its 
ability to evolve and adapt to chemical, cultural, and even biological 
management practices (Meinke et al. 1998, Wright et al. 2000) war-
rants investigations into novel control strategies. Materials that alter 
the behavior of the larvae might be employed as part of a rootworm 
management plan. For example, Schumann et  al. (2014) recently 
demonstrated that rootworm damage in the field could be prevented 
with pellets that combine an insecticide with the attractant carbon 
dioxide. Similarly, carbon dioxide has been successfully tested in 
an attract-and-kill strategy with entomopathogenic nematodes for 
control of both rootworms (Hiltpold et  al. 2012) and wireworms 
(Brandl et al. 2017). As a repellent compound, MA may also have 
potential for use in a rootworm control program.
It is not plausible that a single repellent compound would be 
able to prevent western corn rootworm larvae from locating and 
Journal of Economic Entomology, 112(2), 2019, 683–690
doi: 10.1093/jee/toy346
Advance Access Publication Date:  12 November 2018
Research
feeding on maize roots in the field. As explained by the rolling-ful-
crum model of host acceptance (Dethier 1982, Miller and Strickler 
1984), an initial anti-feedant effect of a repellent against this insect 
herbivore would be predicted to decrease with a simultaneous 
increase in ‘excitatory internal inputs’ (e.g., hunger). Without an 
alternative food source available, some larvae would eventually be 
motivated by hunger to ignore the negative stimulus, rendering a 
single repellent ineffective. However, it may be possible to use MA 
to enhance the activity of an insecticide by combining it in a push–
pull strategy with other behaviorally active compounds such as 
feeding stimulants or attractants. Push–pull strategies employ cues 
(visual, chemical, etc.) that elicit opposing behaviors (repellency, 
deterrence, attraction, arrestance, aggregation) and these cues are 
often used in conjunction with other control methods as part of an 
integrated pest management strategy (Cook et al. 2007). Examples 
of tools that have been successfully implemented in push–pull sys-
tems include biocontrol agents (Duraimurugan and Regupathy 
2005), trap crops (Duraimurugan and Regupathy 2005), botanical 
compounds (Martel et al. 2005), mechanical traps (Pike et al. 1987, 
Zhang et al. 1997), and toxins (Zhang et al. 1997, Duraimurugan 
and Regupathy 2005). Such strategies can be tailored for the specific 
target organism with the goal of using behavioral manipulation to 
maximize the efficacy of each tool. For example, Miller and Cowles 
(1990) combined chemical deterrents with trap-cropping to manipu-
late oviposition behavior of the onion fly maggot in a bipolar strat-
egy termed ‘stimulo-deterrent diversion.’ A push–pull system for use 
against western corn rootworm larvae would require materials that 
can be applied to the soil and that retain their activity over a period 
of weeks in the soil environment.
Our studies with MA to date have focussed on establishing the 
amounts of MA required to elicit a strong repellent response by root-
worm larvae. In this current study, we evaluate the activity of MA 
against rootworm larvae in the soil environment and test a variety of 
materials as potential carrier particles for MA.
Materials and Methods
Insects
Western corn rootworm colonies (nondiapausing strains) were reared 
at the USDA-ARS Plant Genetics Research Unit in Columbia, MO 
on maize plants grown in soil using methods described by Jackson 
(1986) and modified by Hibbard and Bjostad (1988). A single source 
of insects was used for all of the experiments in this study. This col-
ony was developed from reciprocally crossing wild-type adults with 
a nondiapausing strain (Branson 1976, Meihls et  al. 2011). Eggs 
(laid over a 1-wk period by multiple female beetles from this colony) 
were shipped in soil-filled Petri dishes to Colorado State University, 
where they were transferred to plastic tubs (Rubbermaid, 1.4 liter, 
Rubbermaid Manufacturing, Wooster, OH) and incubated in soil 
at 25°C until hatch (approximately 7–10 d). A single batch of eggs 
from this single source of insects (1 wk of laying) was used for each 
of the experiments. Only larvae hatching from Days 2 to 7 of the egg 
hatch were utilized for experiments and the unfed neonate larvae 
were collected for bioassays within 16 h of hatching.
Maize
Untreated, dry seeds (Viking 60-01N, Albert Lea Seed, Albert Lea, 
MN) were soaked for 24 h in tap water, rinsed, and germinated on 
moist blotter paper (Steel Blue, Anchor Paper Company, St. Paul, 
MN). The seeds were kept at 25°C in closed polyethylene containers 
(20 × 40 × 5 cm) and used for behavioral bioassays when the radicle 
root measured approximately 2–3 cm (2–3 d).
Granule and Soil Preparation
Montmorillonite clay granules (floor absorbent, Oil-Dry Corp, 
Chicago, IL) were sieved to obtain granules 2  mm in diameter. 
Dilutions of MA (0, 0.2, 2, 20, or 200 mg/ml, Cat. No. W268208, 
Sigma-Aldrich Co., St. Paul, MN, ≥98%) were prepared in acetone 
and clay granules were coated with a solution by shaking them in 
a closed container to which the solution was incrementally added 
(0.5 ml solution per 1 g clay granules). The resulting granules, con-
taining 0, 0.01, 0.1, 1 10, and 100 mg MA per gram granules, were 
air-dried for 48 h before being used in soil tests.
Dry soil obtained from a landscape supply company (sifted top 
soil, Hageman Earth Cycle, Ft. Collins, CO) was sieved (5 mm mesh) 
and mixed with organic compost (one part compost to six parts soil). 
Water (18% of soil weight) was added and the soil was mixed until 
evenly moist. Plastic tubs (10 × 8 × 6 cm) were filled to within 2 cm 
of the top with the soil mix.
Single-Choice Soil Bioassays with MA
Initial tests were conducted to determine if the repellent compound 
(MA) could be used to prevent rootworm larvae from locating a 
single maize seedling in the soil.
Soil was removed from a one-third section of a treatment tub 
(2  cm long × 8  cm wide × 6  cm deep) and transferred to a small 
container. MA-treated granules (0.3 g) were mixed into the soil (by 
shaking) and the soil was replaced into the original trench. A single 
maize seedling (germinated as described earlier) was transplanted 
into the treated soil, 1 cm from the end of the tub and approximately 
3 cm deep. Immediately after planting the seeds, the top surface of 
the soil was moistened with 2 ml of water applied with a misting 
bottle and the lid was secured. After 5 h, 10 neonate larvae were 
transferred with a soft paintbrush onto a moistened piece of coffee 
filter paper (1 × 1 cm) and the paper was gently inverted into a slight 
depression made on the top of the soil in the center of the tub and 
the lid was replaced. Each experiment was set up over a period of 4 
d, with three replications of every treatment set up per day and all 
of the larvae used were from the single source colony as described 
earlier. The sealed tubs were stored under conditions of 25°C and 
20–25% humidity. After 24 h, the maize seedling was removed from 
the soil and larvae were recovered from the roots using a modified 
Berlese technique (Bernklau and Bjostad 2005). Twelve replications 
were completed for every treatment.
Choice-Test Soil Bioassays with MA
MA was tested in the soil in a simple push–pull experiment in which 
a maize seedling surrounded by MA-treated granules served as the 
‘push’ factor and a seedling in untreated soil served as the ‘pull’ fac-
tor. Clay granules were prepared as described previously to contain 
0, 0.01, 0.1, 1 10, and 100 mg MA per gram granules. Soil tubs were 
prepared as described previously and prepared granules (0.3 g) were 
mixed into the soil at one end of the tub. Two maize seedlings were 
transplanted into the soil, one at each end of the tub (one in treated 
soil and one in nontreated soil). Larvae were introduced after 5 h and 
were recovered from the roots of each of the maize seedlings after 
24 h. Twenty one replications were completed for every treatment.
Choice-Test Soil Bioassays with Commercial 
Product
An alternate source of MA was tested in the choice-test soil bio-
assays. The test material was a commercial bird repellent product 
(CBR) (Liquid Fence, The Liquid Fence Co., Brodheadsville, PA) that 
contains the active ingredient MA (20% MA in product). The CBR 
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was mixed in acetone and granules were prepared that contained the 
same amounts of MA as granules tested in the previous experiment 
(0, 0.01, 1, 10, and 100  mg MA per gram granules). Choice-test 
bioassays were conducted as described previously with two maize 
seedlings. A minimum of 12 replications were completed for every 
treatment.
Soil Longevity of MA
Using methods described earlier, clay granules were prepared that 
contained 1 mg MA per gram of granules. Approximately 1 kg of 
soil was sifted through a 2 mm mesh sieve and dried at 40ºC for 
48 h. Half of the soil (500 g) was sterilized in an autoclave and re-
dried for 48 h. Four treatments were prepared: 1) dry, unsterilized 
soil; 2) dry, sterilized soil; 3) moist unsterilized soil; and 4) moist 
sterilized soil. For the moist soil treatments, 15 g of distilled water 
was mixed into 100 g dry soil. Each of the prepared soil treatments 
(18 g moist soil or 15.3 g dry soil) was measured into four plastic 
scintillation vials (20 ml, DWK Life Sciences, Rockwood, TN) with 
two pinholes (1  mm) drilled into the bottom edge to prevent the 
development of anaerobic conditions that could negatively affect soil 
microbes. MA-treated granules (0.3 g) were added to each vial, the 
soil was shaken to mix the granules throughout the soil. For a con-
trol, 0.3 g granules were added to an empty vial. All of the vials were 
capped and held at 25º C. At 1, 2, 3, and 4 wk, one sample of each 
soil type was analyzed for MA content. For extraction, all of the soil 
in a sample vial was transferred into a clean glass beaker and 40 ml 
diethyl ether was added. The beaker was covered with a watchglass 
to reduce evaporation and allowed to sit for 15 min, removing the 
cover every 5 min to stir the contents. The solvent was decanted off 
of the soil and filtered (Whatman No. 1, Springfield Mill, Maidstone, 
Kent, England). The soil was extracted a second time with 40 ml of 
diethyl ether and both extract volumes were combined, dried under 
a gentle stream of nitrogen and re-dissolved in 200 µl of hexane. 
A chromatographic column was prepared in a glass pipette (14.6 cm, 
Fisher Scientific, Pittsburgh, PA) with approximately 1 g of Florisil 
(0.03–0.2 mm, 60Å, cat no. 419290010, Fisher Scientific, Pittsburgh, 
PA). After preparing the column in hexane, the extract was applied 
to the top of the column and the column was washed with 6 ml of 
hexane, followed by 6 ml of 3:97 diethyl ether:hexane. The column 
was then eluted with 6 ml of 10:90 diethyl ether hexane, and this 
eluent was collected. After evaporating the solvent under a gentle 
stream of nitrogen, an internal standard was added (50 µg eicosane, 
Cat. No. 219274, Sigma-Aldrich) and the sample was re-suspended 
in 500-µl hexane. A 0.5-µl aliquot was injected onto a Rtx-1 methyl 
silicone column (30 m, 0.32 mm ID, 0.25 µm df, Cat. No. 10124, 
Restek, Bellefonte, PA) on a HP 5890 Series II gas chromatograph 
coupled with a HP 5970 mass selective detector with temperature 
programming from 60°C (held for 1  min) to 230°C at a rate of 
10°C/min. The amount of MA in each extract was quantified using 
calibrations obtained with a synthetic standard of MA (W268208, 
Sigma-Aldrich Co.) and the same internal standard (eicosane) that 
was employed for the soil extracts.
Choice-Test Soil Bioassays with Various Carriers
A variety of materials were tested in soil bioassays as potential carri-
ers for the MA active ingredient. Test substrates included clay gran-
ules (described previously), processed corn cob (10/14 size, Best Cob, 
Independence, IA), shaved aspen wood (Zilla Brand Lizard Litter, 
Central Aquatics, Franklin, WI), ground walnut shell (Zilla Desert 
Blend, Central Aquatics, Franklin, WI), granulated wax (Country 
Lane, Doylestown, PA), molecular sieve granules (8–12 mesh Cat. 
No. MX1583D-1, Sigma-Aldrich Co.), and plastic beads (0.5  cm 
diam. clear PET, Priority Plastics, Arvada, CO). MA was prepared in 
acetone (2 mg/ml) and applied to each material, resulting in a coat-
ing of 0.01 mg MA per gram of substrate. The granules were dried 
for 48 h and then tested in choice-test soil bioassays with two maize 
seedlings as described previously. Subsequent experiments were con-
ducted with the same carrier materials containing 0.1 and 1.0 mg 
MA per gram of substrate.
Choice-Test Soil Bioassays with Aged Treatments
Bioassays were conducted to determine the activity of MA on differ-
ent carrier substrates in soil over time.
One-Week of Aging
The eight carrier materials (described previously) were prepared 
to contain 10 mg MA per gram of carrier substrate and dried for 
48 h. Tubs were set up and treatments were applied as described 
previously for the tests with two maize seedlings. The lids were 
tightly affixed and the tubs were left covered and undisturbed (no 
re-watering during this time). After 1 wk, two maize seedlings were 
transplanted into the soil, the soil was watered with 2 ml water 
applied with a misting bottle, and bioassays were conducted as 
described previously. Twelve replications were completed for every 
treatment.
Two-Weeks of Aging
The experiment was repeated and the tubs were left undisturbed for 
2 wk before the addition of seedlings, misting of the soil, and subse-
quent introduction of the larvae. Twelve replications were completed 
for every treatment.
Statistical Analysis
To determine whether there was a significant MA dose effect, data 
from the no-choice MA experiment were converted to binomial 
and analyzed with logistic regression (PROC GLIMMIX of the SAS 
statistical package) using the RANDOM option to account for any 
group effects within tubs (SAS Institute 2017).
For the choice-test bioassays with MA and CBR, the proportion 
of larvae repelled (PLR) was calculated with the formula: PLR = Nr/
Nt, where Nr  =  number of larvae recovered from the untreated 
maize seedling (repelled) and Nt = total number of larvae recovered 
(choosing either the treated seedling or the untreated seedling). Data 
were analyzed with PROC GENMOD (SAS Institute 2017) using 
a logit link function and binomial distribution to determine differ-
ences between each treatment dose and 0.5 PLR (repellency = 0). 
Comparisons between doses were made with the Least Square 
Means Test by using the LSMEANS statement within GENMOD 
(∝ = 0.05).
Data from the experiments with carrier substrates were analyzed 
with JMP Pro 12.0.1 software (SAS Institute 2015). Student’s t-tests 
were used to compare the number of larvae recovered from roots 
of the treated seedling versus the untreated seedling for each carrier 
(∝ = 0.05).
Results
Single-Choice Soil Bioassays with MA
The number of larvae recovered from roots of the maize seedling 
decreased significantly as the dose of MA increased (F = 16.81; 
df = 4; P < 0.0001) (Fig. 1).
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Choice-Test Soil Bioassays with MA
The 0.01, 0.1, 1.0, and 10  mg/g doses of MA were repellent in 
soil bioassays (significantly different from 0.5 [0% repellency]) 
(P < 0.05). The PLR for the 0.1, 1.0, and 10 mg/g doses of MA were 
significantly greater than the control (0 mg MA per gram) and the 
0.001 MA dose. The PLR for the 10 mg/g dose (PLR = 0.90 ± 0.05) 
was significantly higher than all the other treatments (χ2 = 108.11; 
df = 5, 125; P < 0.0001). (Fig. 2A)
Choice-Test Soil Bioassays with CBR
The CBR treatments containing 0.01, 0.1, 1.0, and 10  mg/g MA 
were repellent (significantly different from 0.5 [0% repellency]) 
(P < 0.05). The PLR for granules with 0.1, 1.0, and 10 mg/g MA 
were significantly greater than the control (0 mg MA per gram) and 
the 0.001 MA dose. The PLR for the granules with 10 mg/g MA 
(PLR = 0.82 ± 0.10) was significantly higher than all the other treat-
ments, except the 1.0 mg/g granules (PLR = 0.76 ± 0.07) (χ2 = 95.20; 
df = 4, 71; P < 0.0001) (Fig. 2B).
Soil Longevity Tests
After 1 wk, the percentage of MA recovered in sterilized dry soil 
(75.06%) and unsterilized dry soil (77.06%) was similar to the MA 
recovered from the control granules with no soil (72.13%). After 
4 wk, the percentage of MA recovered from these two treatments 
was only slightly lower (46.03% in sterilized and 51.62% in unster-
ilized soil) than MA recovered from the control granules (56.67%). 
After 1 wk, 40.86% of the MA was recovered from the sterilized 
moist soil and the recovery after 4 wk was 9.32%. After 1 wk, only a 
trace of MA (0.25%) was recovered from the unsterilized moist soil.
Choice-Test Soil Bioassays with Various Carriers
For the 0.1 mg/g MA treatments, there was no significant difference 
in the number of larvae recovered from the treated maize seedling 
compared with the untreated seedling for any of the carrier materials 
tested (T-tests, P = 0.05) (Fig. 4A).
Significantly fewer larvae were recovered from the maize seed-
ling treated with clay granules containing 1 mg/g MA (1.92 ± 0.48 
larvae) than the untreated seedling (5.50  ±  0.62 larvae) (T-test, 
P  =  0.0055). There were no significant differences between the 
treated and untreated seedlings for any of the other carrier materials 
(Fig. 4B).
At a rate of 10 mg MA per gram granules, significantly fewer lar-
vae were recovered from the MA-treated seedling than the untreated 
seedling for all of the carriers tested (T-tests: clay P = 0.0085, cob 
P  =  0.0232, aspen wood P  =  0.0056, walnut shell P  =  0.0010, 
molecular sieve P = 0.0034, plastic beads P = 0.0187). There was 
no significant difference between the two seedlings for the control 
treatment (P = 0.4184) (Fig. 4C).
Choice-Test Soil Bioassays with Aged Treatments
For the 1-wk aging test, significantly fewer larvae were recovered 
from the maize seedling treated with MA-coated molecular sieve 
granules (2.17 ± 0.46 larvae) than from the corresponding untreated 
Fig. 1. Dose–response of western corn rootworm larvae to MA-coated clay 
granules in soil bioassays with a single maize seedling. Graph shows the 
number of larvae recovered from the seedling for each dose of MA tested.
Fig.  2. (A) Proportion of neonate western corn rootworm larvae repelled 
(PLR) (mean ± SE) by MA-coated clay granules in soil bioassays with one 
treated and one untreated maize seedling. (B) Proportion of neonate western 
corn rootworm larvae repelled (PLR) (mean ± SE) by granules coated with 
a commercial bird repellent (CBR) that contains MA in soil bioassays with 
one treated and one untreated maize seedling. An asterisk (*) indicates 
the repellency of the dose is significantly different from a proportion of 
0.5 (repellency  =  0) (P  <  0.05). Significant differences between doses are 
indicated by different lowercase letters (P < 0.05).
Fig.  3. Gas chromatograph–mass spectrometer analysis of MA extracted 
from aged soil (dry and moist, sterilized, and unsterilized) containing 
MA-coated granules.
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seedling (5.17 ± 0.60 larvae, T-test, P = 0.0102). Significantly more 
larvae were recovered from the treated seedling (4.09  ±  0.59 lar-
vae) than from the untreated seedling for the aspen wood treatment 
(2.64 ± 0.45 larvae, P = 0.0408). There was no significant difference 
in the number of larvae recovered from the treated maize seedling 
compared with the untreated seedling for any of the other carrier 
treatments tested (Fig. 5A).
For the 2-wk aging test, there was no significant difference in the 
number of larvae recovered from the treated and untreated maize 
seedlings for any of the carrier materials (Fig. 5B).
Fig. 4. Number of larvae recovered (mean ± SE) from roots of treated and untreated maize seedlings in choice-test soil bioassays with carrier materials coated 
with (A) 0.1 (B) 1, and (C) 10 mg MA per gram carrier. For each carrier material tested, different lower case letters indicate a significant difference (P < 0.05) 
between the treated seedling and the untreated seedling (Student’s t-test). Bars represent standard errors.
Journal of Economic Entomology, 2019, Vol. 112, No. 2 687
Discussion
MA is an appealing compound to consider for use against an agricul-
tural pest such as the western corn rootworm because it is nontoxic 
(GRAS-list) and has been shown to be safe for humans as well as 
other vertebrates and invertebrates (TGSC 2015). Natural sources of 
MA include fruits (Genovese et al. 2004, Sun et al. 2011, Azam et al. 
2013, Chambers et al. 2013) and flowers (Lee et al. 2008, Lin et al. 
2013), and it is widely used in the perfume industry and as a food 
additive because of its strong grape-like odor (TGSC 2015).
Our experiments with MA indicate that the compound has 
potential for practical application against western corn rootworm 
larvae. The current study demonstrated that the repellent effect of 
MA is elicited in the harsh soil environment. In assays with a single 
maize seedling, MA prevented larvae from locating maize roots and 
the number of larvae recovered from the seedlings decreased as the 
concentration of MA increased (Fig. 1). Our studies have shown that 
MA is not toxic to western corn rootworm larvae and so does not 
act as an insecticide, but instead alters the behavior of the insect to 
prevent it from damaging maize roots (Bernklau et al. 2016). The 
repellency of MA was even more pronounced when it was employed 
in a simple push–pull strategy between an MA-treated maize seed-
ling and an untreated seedling. Here, doses of MA as low as 0.1 mg/g 
granules caused more larvae to be ‘pushed’ to and recovered from 
roots of the untreated seedling. The effect strengthened as the dosage 
increased, with up to 90% repellency occurring with the highest dose 
tested (100 mg MA per gram granules) (Fig. 2A).
The naturally occurring compound MA is repellent to birds 
(Mason et  al. 1989, Esther et  al. 2013) and it was formulated by 
the USDA into pellets that were tested as a means to protect water-
fowl from feeding on toxic heavy metals in waste ponds of gravel 
pits (Clark and Shah 1993). More recently, it was developed into 
commercial products to protect crops from bird feeding and for use 
on golf courses and other turf areas to prevent damage and con-
tamination by geese (Mason and Clark 1996). We tested one of 
these commercial products (CBR) in the same manner as the crude 
MA compound and found that it was just as effective as MA alone 
(Fig. 2). All doses containing 0.1 mg MA per gram granules or higher 
were repellent to the larvae and the highest dose tested (containing 
100 mg MA per gram granules) gave 96% repellency. This is consist-
ent with the results obtained with the crude MA compound, and 
indicates that other materials in the commercial formulation (emul-
sifiers, wetting agents, etc.) did not interfere with the repellent effect 
of the MA.
In this study, we tested MA in a simple push–pull context, 
wherein the MA formulation acted as the ‘push’ factor by repelling 
Fig. 5. Number of larvae recovered (mean ± SE) from roots of treated and untreated maize seedlings in choice-test soil bioassays with carrier materials coated 
with 10 mg MA per gram carrier. (A) Carrier granules aged 1 wk in the soil. (B) Carrier granules aged 2 wk in the soil. For each carrier material tested, different 
lower case letters indicate a significant difference (P < 0.05) between the treated seedling and the untreated seedling (Student’s t-test). Bars represent standard 
errors.
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larvae away and an untreated maize seedling served as the ‘pull’ fac-
tor by attracting the larvae with carbon dioxide and other host-based 
compounds released into the soil by the roots (Hiltpold et al. 2013). 
A next step in the development of a push–pull concept would be to 
employ an insecticide at the ‘pull’ end of the equation, or to combine 
an insecticide with rootworm host recognition cues (Bernklau et al. 
2015) or feeding stimulants (Bernklau and Bjostad 2008). We previ-
ously showed that the efficacy of an insecticide was greatly increased 
(10,000-fold) with the addition of a larval feeding stimulant blend 
(Bernklau et al. 2011). A push–pull system that combines this same 
infochemical/insecticide mixture as the ‘pull’ factor, with MA as the 
‘push’ factor is promising as a control strategy.
Western corn rootworm larvae hatch over a period of sev-
eral weeks (Toepfer and Kuhlmann 2006) and any product that is 
intended for use in the soil against this pest must have good longev-
ity in the soil. In preliminary tests, we noticed that when the clay 
granules were mixed into moist soil, they tended to break apart 
quickly and we, therefore, hypothesized that a clay granule formu-
lation of MA would not last long in the soil. Chemical analysis of 
MA granules in moist soil over time confirmed this (Fig. 3). Levels 
of MA on clay granules remained constant for 4 wk and did not 
volatilize or break down when the granules were mixed into dry soil, 
either sterilized or unsterilized. However, quantities of MA declined 
rapidly in moist soil. After 1 wk, 50% less MA was recovered from 
moist, sterilized soil, than from dry soil, and in unsterilized moist soil 
only a trace of MA was still present after 7 d. These results suggest 
that not only is MA lost as the clay granules break down in moist 
soil, but also that microbial activity may augment the process.
In an attempt to generate a slower release of MA, we tested a 
number of alternative carriers and compared the activity of these 
with that of the original clay granule carrier. We selected some nat-
ural materials that should degrade slowly in the soil over a period 
of months (aspen wood shavings, ground walnut shell, processed 
corn cob). MA is a very volatile compound with a distinct grape-
like odor, and the odor vanishes quickly when it is applied to glass 
or filter paper. However, we have observed that the odor persists 
on plastic, wax, and silica for more than a year and, therefore, we 
included plastic beads, soy wax, and molecular sieve granules as car-
rier treatments.
In tests where larvae were introduced only 5 h after the treat-
ments had been mixed into the soil, all of the MA formulations were 
repellent at the 10 mg/g granules rate and the clay granules were 
also effective at a lower rate (1 mg MA per gram) (Fig. 4). When the 
materials were allowed to age for 1 or 2 wk in the soil prior to lar-
val introduction, only the molecular sieve granules maintained repel-
lency after 1 wk (Fig. 5A), but even this activity was completely gone 
after 2 wk (Fig. 5B). Interestingly, the aspen wood treatment (aged 
2 wk) showed some attraction for the larvae. It is possible that the 
decomposition of the wood produces carbon dioxide into the soil, 
which is highly attractive to western corn rootworm larvae (Strnad 
et al. 1986, Bernklau and Bjostad 1998b).
In order to progress toward the use of MA in rootworm con-
trol, it will be necessary to develop more robust MA formulations 
that will maintain their activity in the soil over several weeks. It 
is possible that formulation additives, such as semipermeable 
coatings or antimicrobial agents, will help resolve the longevity 
issues that were demonstrated in this study. Calcium alginate and 
k-carrageenan encapsulation has been used to protect microbial 
formulations (Wijffels et  al. 1991, Cheong et  al. 1993), and cal-
cium alginate has also been used as a coating for formulations 
that provide a slow release of carbon dioxide to attract nematodes 
(Robinson 1995). Schumann et  al. (2014) used calcium alginate 
as a coating for a carbon dioxide-producing encapsulated yeast 
formulation. Their yeast pellets provided some control of western 
corn rootworm in the field and generated adequate levels of carbon 
dioxide for 28 d.
Perhaps this encapsulation approach, in combination with an 
appropriate substrate, can be adapted to a slow-release MA for-
mulation. However, even with encapsulation, additional measures 
may be needed to prevent or slow down microbial degradation of 
MA in the soil. Toward this goal, the addition of simple food grade 
antimicrobial preservatives such as sodium benzoate, propionic acid, 
sorbic acid, or nitrites (Davidson et al. 2013) may serve to increase 
the longevity of MA in soil.
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